An X-ray multiple diffraction technique has been used to investigate the effect on the lattice of singlecrystal germanium of the introduction of arsenic at a concentration of approximately 1020 atoms cm -3.
Introduction
This paper describes an application of the X-ray multiple diffraction technique as developed by lsherwood & Wallace (1966) to the measurement of changes in lattice parameter of a single crystal associated with the incorporation of a concentration of impurity ions.
Single-crystal germanium containing arsenic in a concentration of approximately 102o atoms cm -3 was chosen as the subject for investigation. This material was selected for two reasons:
(a) from a crystallographic aspect the diamantane crystal structure of germanium lends itself readily to examination by multiple diffraction, and more specifically (b) to provide quantitative, detailed information of direct relevance to the manufacture of semiconductor devices such as planar backward diodes.
Germanium containing arsenic in the stated concentration is produced in two ways, either as a Czochralskigrown single-crystal alloy, or as diffused single-crystal germanium slices. It is generally found that the electrical characteristics of the planar backward diodes manufactured from the alloy are superior to those formed from the diffused material. In order to ascertain and compare the effect on the germanium lattice of the two methods of introducing arsenic, examples of single crystals of the alloy, diffused and non-diffused germanium have been examined by X-ray multiple diffraction and X-ray diffraction topography.
Description of samples
The crystal of pure germanium which was examined was a (I11) oriented slice cut from a crystal grown using the Czochralski technique in the Hirst Research Centre.
Both the germanium-arsenic alloy and the arsenicdiffused germanium were prepared by the Philips organization at Eindhoven. The alloy sample was in the form of a (111 ) oriented slice, cut from a Czochralskigrown single crystal, and had a measured resistivity of 0.79 mohm-cms. The arsenic-diffused germanium sample was also in the form of a (111) oriented slice, with a resistivity of 0.65-0.72 mohm-cms.
The alloy and the diffused germanium slices were submitted for an X-ray fluorescence analysis examination to determine their relative arsenic concentrations. it was found that the diffused sample contained 2-3 times the concentration of arsenic in the alloy which was estimated to be approximately 0.1% by weight.
X-ray multiple diffraction examination
It is well known that very precise measurements of the lattice parameters of single crystals can be made using Kossel patterns. Essentially the angles between pairs of 'doubly-diffracted' beams (simultaneously reflected by two Bragg planes) are recorded and related to the ratio a/2. The smaller the angular separation, the smaller are the absolute errors of measurement and the higher the precision.
It is most practicable to measure the angles between the pairs of closely-spaced doubly-diffracted beams in the vicinity of a condition of triple diffraction, which would degenerate into a single triply-diffracted beam if this condition were exactly satisfied, for a specific value of a/2. (This case was used by Lonsdale (1947) 
If, furthermore, one of the simultaneously reflecting planes is 'forbidden', or has a very small structure factor, while the others are strong reflexions, the doubly diffracted beams call be identified with great clarity by virtue of the Renninger (1937) and the recording medium. This method has been used with success to measure the lattice parameter of silicon (Isherwood & Wallace, 1966) , and yttrium iron garnet (Isherwood, 1968) . It happens that in germanium, and with Cu K~ characteristic radiation, a group of doubly diffracted beams is formed in the vicinity of the two triply diffracted beams corresponding to the intersections of the (222) with the (]'17) and (1T7) Kossel planes, and with the (T35) and (3]5) Kossel planes. This configuration of beams is particularly suitable for the determination of the lattice parameter of single-crystal germanium.
Details of the procedure for predicting the occurrence of multiple diffraction and the analysis of the geometry of the diffracted beams have been formulated (Isherwood & Wallace, 1970) . In crystals having the diamond-type cubic structure, the structure factor of the 222 reflexion is very small. Consequently, in the intersection referred to above, the multiply-diffracted beams recorded in the 222 reflexions will be of the Umweganregung type.
The distribution of Umweganregung beams in the 222 reflexion from the pure germanium single crystal, recorded on a film placed at approximately 1 metre from the X-ray focus, is reproduced in Fig The angular separation of the Umweganregung beams formed by coupling between the T17, 1]7, and 222 reflexions is related to the lattice parameter by the expression a 3 587
(+):
a/z r 862 where 2 represents the wavelength in the crystal and a the lattice parameter. Using the notation of Fig. 1 , lua is the angular separation between Ai and A~, on the Cu K~l Bragg cone, and between A2 and A~ on the Cu K~2 cone. Similarly, for the multiply-diffracted beams formed by interaction between the T35, and 3]5 and 222 reflexions we have intensities are derived from the strong reflexions, and are clearly contrasted with the weak or 'forbidden reflexion'. Such beams have been referred to by Renninger as 'Umweganregung' reflexions. They are also known as Renninger or indirect reflexions.
A further advantage of the use of closely spaced beams is ease of instrumention. It is only necessary, as realized by Lonsdale, that there be a very long beam path connecting the X-ray source (or focus), the crystal,
where in this instance qsn is the angular separation between Bx and B~ and Bz and B~ for the Cu K~a and Cu K~2 wavelengths respectively.
The relationship between the angular separation of the beams A~ and BE (or B 2 and A2), A1 and B1 (or A~ and BD, and the lattice parameter can be derived by subtracting equation (1) from (2) and although not quoted will be referred to as equation (3).
In terms of the linear separations of the images on the film a change in separation of 1 mm between AI and A~ (or A2 and A2)represents a lattice parameter change of 6.16 x 10 -4 A, between Bl and B~ (or B2 and B2) 21.4 x 10 -4 A, and between A1 and BI, or equivalent images, 15.2 x 10 -4 A. Substitution of the measured value of ~ into equation (1) should thus yield the most accurate determination of the lattice parameter. The major source of error in the determination of the angular separations results from the breadth of the K~ and Ktx 2 spectral lines, which cause elongation of the reflexions. This is well illustrated in the diffraction pattern from the pure germanium crystal, Fig. 1 , where the lattice parameter is apparently so close to that required for exact intersection of the (i'17), (1T7) and (222) Kossel planes that the beams A~ and A~ could not be resolved.
Conversely, the beams A2 and A2 could not be recorded simultaneously as their separation, at a distance of 1 metre from the X-ray focus, exceeded that of the camera aperture, 2.5 cm. The germanium lattice parameter was thus determined as the average, weighted in proportion to sensitivity, of the values computed from equations (2) and (3).
Taking the wavelength of the copper K~ and K~t2 components to be 1.54051 and 1.54433 tit respectively, the lattice parameter of the pure germanium single crystal was calculated to be 5.65750+0.00003 A at 25 o C, after allowing for thermal expansion (~ = 5.73 x 10 -6 °C-l, Gibbons, 1958) and refraction (Isherwood & Wallace, 1970) .
The procedure was repeated for the single-crystal germanium-arsenic alloy and the distribution of the Umweganregung beams recorded is reproduced in Fig.  2 . A comparison of Figs. 1 and 2 shows a relative shift of the diffracted beams, the sense of which indicates that the effect of the arsenic has been to increase the lattice parameter of the crystal with respect to that of pure germanium. The lattice parameter of the alloy at 25 °C was computed to be 5.65795 + 0.00003 A, an increase of 4-5 x 10 -4 A over that of pure germanium. Fig.3 is a record of the multiply-diffracted beam configuration obtained from the arsenic-diffused germanium slice. In comparison with Figs. 1 and 2 the Umweganregung beams are seen to have been modified in two ways; besides a relative shift of the beams, considerable broadening has also occurred, which is superimposed on the broadening due to the spectral distribution. The lattice parameter of this crystal at 25 °C was computed to be 5.65820+0.00003 A, an increase of 7.0 x 10 -4 A with respect to that of germanium, and a further increase of 2.5 x 10 -4 A on that of the alloyed germanium-arsenic crystal (see Table 1 ). The marked diffraction broadening observed in Fig.  3 indicates that, by comparison with either of the other crystals the diffused material contains a considerably higher degree of inhomogeneous strain.
The intensity profiles of a number of the multiple reflexions in Figs. 1 to 3 were recorded with a microdensitometer along two axes; (a) perpendicular to the direction of chromatic elongation of the reflexions; (b) along the 222 Bragg cone. The former measurement of broadening is insensitive to the value and spectral breadth of the wavelength, and also to the dilatational components of the inhomogeneous strain tensor. The latter measurement, which is subject to chromatic aberration, yields a value for the mean fractional deviation of the lattice parameter, Aa/a, (assuming the strain tensor to have cubic symmetry). The standard deviation, reduced from the measured halfbreadth of the intensity profile by a factor appropriate to the Gaussian distribution, was chosen as a numerical measure of the strain.
Measurements as indicated above yielded the following results for the diffused sample: (a) non-dilatational strain e_l.3 x 10-4; (b) mean fractional deviation in lattice parameter, Aa/a'-'2.6 x 10 -4. No measurements were made on the alloyed sample because a non-uniform image of the X-ray source profile (resulting from imperfect focusing of the electron gun) is superimposed on the reflexions, as seen in Fig.2 . The diffraction broadening of the pure Ge sample is believed to be smaller than the instrumental and chromatic broadening, and was not estimated. The profiles of the pure Ge reflexions were therefore chosen to represent these aberrations for the purpose of profile analysis. It is however more correct to regard the strain values quoted for the diffused sample as increments over their value in pure Ge.
X-ray diffraction topographical examination
X-ray diffraction transmission topographs recorded using silver K0¢ radiation, from the alloyed and diffused samples are reproduced, with the relevant experimental data, in Figs.4 and 5 respectively. The two samples were in the form of (111) oriented slices, etched to a thickness approximately equal to the absorption depth of Ag K~ radiation in germanium, i.e. 75/an.
In the topograph from the alloy (Fig. 4) both. individual dislocations and clusters of dislocations are visible. The three intense bands towards one end of this image are examples of 'pendulum fringes' and indicate that in this region the slice is wedge shaped. Thickness variations of the slice are also the most probable origin of the contrast gradation recorded in Fig.4 . No unambiguous explanation has yet been proposed of the linear and point-like features which have the opposite contrast to dislocations and appear white in Fig.4 .
From the diffraction contrast displayed in Fig. 5 it is evident that the diffused germanium slice is very imperfect. The density of imperfections in this material is so great that individual defects cannot be resolved in the topographs. In this instance the uneven intensity distribution in the topograph is caused by the considerable lattice curvature in the sample, rather than by thickness variations.
Discussion
If the arsenic atoms enter the crystal lattice substitutionally, it might be expected intuitively that the lattice would contract slightly. Although the radius of the covalently bound germanium atom is 1.22 A the equivalent radius of the covalently bound As ~+ ion is not known. However, the ionic radius of As 5+, 0.47/~, is smaller than that of the iso-electronic ion Ge 4+, 0.53 ,~, owing to the greater attraction of the electrons by the nucleus. By analogy the ionized donor arsenic atom differs from germanium principally in having a single net positive charge, and the consequent local contraction of the electron distribution should exceed the expansion due to the extra conduction olectron. Slater (1964) in his tabulation of empirical atomic radii also gives arsenic a smaller radius than germanium. The observed expansion of the crystal lattice suggests, therefore, that mechanisms other than the substitutional incorporation of arsenic are important. The inhomogeneous strain associated with the incorporation of arsenic in interstitial sites and the formation of lattice defects might be expected to produce a net increase in the lattice parameter. The same factors may also contribute to an increase in the diffraction breadth and the extinction contrast effects. The observed correlation between arsenic content, lattice expansion, and inhomogeneous strain is therefore significant. To some extent the expansion of the lattice may be relieved by the concentration of inhomogeneous strain in localized lattice imperfections, or the precipitation of arsenic at crystal defects. It is not possible to decide unambiguously from the present X-ray diffraction evidence the relativeimportance of the various contributing factors mentioned. It is generally agreed (Spitzer, Trumbore & Logan, 1961) that only substitutional arsenic atoms are electrically active and that those incorporated in lattice interstices or precipitated at crystal defects do not contribute to the carrier density. The larger lattice parameter and strain content exhibited by the diffused slice indicates that the proportion of non-substitutionally incorporated arsenic is greater than that in the alloy. It is also probable that the increased defect density in the diffused sample reduces the carrier mobility. In the absence of more quantitative data, such as might be supplied by a measurement of the Hall coefficient, it is proposed that reduced carrier concentration and mobility together account for the fact that, although the total arsenic concentration in the diffused slice was 2-3 times greater than that in the alloy, both samples exhibited approximately equal resistivities.
Summary
A sensitive X-ray multiple diffraction technique has been used to assess the effects of the introduction of arsenic at a concentration of approximately 10 20 atoms cm -3, on the lattice of single-crystal germanium. Two specimens have been studied: one in which arsenic was introduced via the melt in Czochralski growth, the other into which arsenic was diffused after growth.
Although both specimens were observed to have very similar resistivities, the total arsenic concentration in the surface of the diffused sample was found to be two or three times that in the surface of the alloy sample, as determined by X-ray fluorescence spectroscopy. In both. materials the measured lattice parameter was greater than that of pure germanium, the increase being 4.5 × 10 .4 and 7.0 x 10 .4 ~ for the alloy and the diffused slice respectively. Broadening of the multiple diffraction profiles indicated that the inhomogeneous strain content of the diffused material was considerably greater than that of the alloy. A similar distinction in crystal perfection was evident in X-ray diffraction topographs.
It appears that the effects on the crystal lattice of germanium of the interstitial incorporation of arsenic, precipitation of arsenic, and the formation of lattice defects, whether individually or in combination, predominate over any effect produced on the lattice by substitutional incorporation of arsenic. In this context it is clear that the measurement of a lattice parameter without reference to the strain condition of the lattice may be misleading. The leading terms in the centroid-range and the variance-range curves are additive in the contributions made by the various sources of line displacement and line broadening. The intercept of the variancerange curve contains non-additive contributions inherent in the slow approach to zero of the functions convoluted in the line profile. Further terms in the series for these curves contain non-additive contributions that depend both on the functions convoluted and the range used; these terms approach zero as an inverse power of the range as this is increased.
Limitations on the Additivity of Moments in Line-Profile Analysis
The profile of a diffraction maximum recorded by a powder diffractometer or camera is given by the convolution (fold) of the particle-size profile, the emissionline profile, the 'mistake' profile, the instrumental profile, etc. The centroid method of lattice-parameter determination and the variance method of interpreting line profiles depend on the additivity of the first and second moments of convoluted functions. This property of additivity depends on the range of integration involved in the convolution being sufficiently great and on the functions being convoluted approaching zero sufficiently fast. Edwards & Toman (1970) have noted that particle sizes derived from the intercept of the variance-range curve tend to be smaller than those derived from the slope, both in their own work and in tiaat of Langford (1968a,b) . They attribute this to non-additivity of the contributions to the variance intercepts, and obtain a correction based on Cauchy and Cauchy-like profiles. The assumption of Cauchy-like profiles is unneccessary, and Wilson (1964, p. 248 ) has pointed out that there would be a non-additive term in the intercept of the variance-range curve of a specimen exhibiting both particle-size and mistake broadening. He attributed this to the slow (inverse-square) approach of the line profiles to zero, but failed to see that this implied also non-additive terms in the intercept arising from the emission profile. The following argument shows in general how non-additive cross terms arise from two sources: slow approach of the profiles to zero, and limitation of the range of integra-
